Mucopolysaccharidoses (MPS) are a group of genetic deficiencies of lysosomal enzymes that catabolize glycosaminoglycans (GAG). Here we describe a novel MPS-like disease caused by a specific mutation in the VPS33A gene. We identified several Yakut patients showing typical manifestations of MPS: coarse facial features, skeletal abnormalities, hepatosplenomegaly, respiratory problems, mental retardation, and excess secretion of urinary GAG. However, these patients could not be diagnosed enzymatically as MPS. They showed extremely high levels of plasma heparan sulphate (HS, one of GAG); 60 times the normal reference range and 6 times that of MPS patients. Additionally, most patients developed heart, kidney, and hematopoietic disorders, which are not typical symptoms for conventional MPS, leading to a fatal outcome between 1 and 2-years old. Using whole exome and Sanger sequencing, we identified homozygous c.1492C > T (p.Arg498Trp) mutations in the VPS33A gene of 13 patients. VPS33A is involved in endocytic and autophagic pathways, but the identified mutation did not affect either of these pathways. Lysosomal over-acidification and HS accumulation were detected in patient-derived and VPS33A-depleted
Introduction
Mucopolysaccharidoses (MPS) are a group of inherited disorders caused by a lack of specific lysosomal enzymes involved in the degradation of glycosaminoglycans (GAG), such as heparan sulphate (HS), dermatan sulphate, keratan sulphate, chondroitin sulphate, or hyaluronic acid (1) . Seven types of MPS have been identified, which are caused by deficiencies of 11 different enzymes, as follows: MPS I (Hurler, MIM #607014; Hurler-Scheie, MIM #607015; Scheie MIM #607016), MPS II (MIM #309900), MPS III (lllA, MIM #252900; lllB, MIM #252920; lllC, MIM #252930; lllD, MIM #252940), MPS IV (lVA, MIM #253000; lVB, MIM #253010), MPS VI (MIM #253200), MPS VII (MIM #253220), and MPS IX (MIM #601492). Depending on the enzyme deficiency, the catabolism of different GAG is blocked either singly or in combination. The accumulation of undegraded GAG affects the functions of various cells, tissues, and organs. MPS are heterogeneous and progressive disorders. Patients with MPS typically appear normal at birth, but during early childhood they are clinically characterized by coarse facial features, skeletal abnormalities (dysostosis multiplex), hepatosplenomegaly, respiratory problems, cardiac involvement, mental retardation, and reduced life expectancy. Obstructive airway disease, respiratory infection, and cardiac complications are the usual causes of death commonly in the late teens or early adulthood. Diagnosis of MPS relies on the detection of urinary GAG and deficiencies of specific lysosomal enzymes that degrade GAG, caused by mutations in these enzymes.
In this study, we performed a whole exome and Sanger sequencing in 13 Yakut patients with typical manifestations of MPS, who could not be diagnosed enzymatically as MPS, and found homozygous mutations (NM_022916.4: c.1492C > T, NP_075067.2: p.Arg498Trp) in the vacuolar protein sorting gene VPS33A (MIM *610034). VPS33A is a member of the Sec1/ Munc18-related (SM) protein family, which is required for SNARE-mediated fusion processes, and is a core subunit of the homotypic fusion and vacuole protein sorting (HOPS) complex. The HOPS complex is involved in both endosome-lysosome fusion and autophagosome-lysosome fusion (2) (3) (4) (5) (6) . Endocytosis involves the membrane trafficking of exogenous material to intracellular compartments, whereas autophagy involves the membrane trafficking of cytosolic material and their degradation in lysosomes, and both pathways are affected by the knockdown of VPS33A (7) . We present a detailed clinical description of the patients and molecular studies suggesting this mutation in VPS33A affects not endocytic and autophagic pathways but lysosomal functions involved in GAG metabolism, leading to MPS-like phenotype.
Results

Clinical presentation
Thirteen patients in Yakutia (Sakha Republic in the Russian Federation) were found to have characteristic clinical features of MPS and increased urinary GAG; however, lysosomal enzyme deficiencies were not detected ( Fig. 1 , Table 1 and Supplementary  Material, Table S1 ). All patients were Yakuts, characterized by specific anthropological, demographic, linguistic, and historical features (8) . They were born to non-consanguineous healthy parents, and had obstructive lung disease accompanied by frequent respiratory infection since early infancy. Coarse facial features, macroglossia, thick skin, barrel-shaped chest, psychomotor retardation, hepatosplenomegaly, joint contraction, and progressive skeletal dysplasia (dysostosis multiplex) had developed gradually (Fig. 1A-E ). In addition, most patients developed proteinuria, hematopoietic disorders, and congenital heart defects, although these are not typical symptoms of MPS. Eleven of the 13 patients died of cardiorespiratory failure at approximately 1 to 2 years of age. Health information of the deceased patients was based on the retrospective review of medical records. Clinical features of all the patients are summarized in Table 1 and Supplementary Material, Table S1 . We investigated the detailed clinical features of one patient (Supplementary Material, Case reports). This patient showed delayed myelination, cerebral calcification, retinal hypopigmentation, and abnormalities in erythroid cell lines, besides dysostosis multiplex (Fig. 1B-I ). Autopsy findings of another patient included hypoplastic bone marrow, renal pathological changes, and cerebral calcification, which are also not usually observed in MPS patients ( 
Identification of mutations in VPS33A
To identify the causative gene mutation, whole exome sequencing was performed with one family (P12 and his parents; Fig. 2A ). The Yakut population exhibits a high frequency of several Mendelian disorders, owing to a founder effect (8) (9) (10) (11) . Therefore, we assumed the disease-causing mutation to be a homozygous mutation in autosomal recessive inheritance. After applying the filtering criteria described in the methods section, only one protein-altering homozygous variant, c.1492C > T (p.Arg498Trp; hereafter referred to as p.R498W) in the VPS33A gene, was identified. Using Sanger sequencing of this mutation in the 13 patients and their unaffected family members, we verified homozygous alterations in all the patients and heterozygous alterations in all their parents, suggesting that this mutation causes a disease with autosomal recessive inheritance ( Fig. 2A and Supplementary Material, Fig. S1 ). The Arg498 residue is highly conserved among species (Fig. 2B ). In addition, the p. R498W variant was predicted to be disease-causing by several major algorithms (scaled CADD score v1.3 35, SIFT score 0.001, Polyphen2 score 1, Mutation Taster score 1). The allele frequency of this mutation was reported to be 1 in 59,004 among various ethnic groups in the ExAC database (chr12:122717464 G/A). We analysed 110 healthy Yakuts for this mutation and revealed an allele frequency of 1 in 110. We analysed a region of homozygosity (ROH) using deep sequencing data of patient 12 by the program, HomSI: a homozygous stretch identifier (12) . The homozygous variant of VPS33A was identified within a 4 Mb ROH in chromosome 12. Altogether, these results imply a regional founder effect, though further experiments are necessary to really assess the possibility of the founder effect.
Massive accumulation of heparan sulphate in patient plasma, fibroblasts, and VPS33A-depleted cells An affected sister of P4 had similar symptoms but was not available for gene testing. All affected individuals whose DNA was available were found to be homozygous for the c.1492C > T (p.R498W) mutation in VPS33A and their parents were heterozygous for the mutation. of GAG, in plasma of patients, dermal fibroblasts from 3 patients (P9, P12, and P13; Fig. 2A ), and VPS33A siRNA-treated HeLa cells. Plasma GAG levels are not routinely measured in MPS patients, but have recently been utilized for newborn screening (13) . HS levels in patients' plasma were extremely high (301.1 and 412.2 lg/ml) compared with an MPS type II patient (60.6 lg/ml) and the normal reference range (5.1 6 2.0 lg/ml) ( Fig. 3A ) (14) . HS was also accumulated in patient-derived fibroblasts ( Fig. 3B ) and VPS33A-knockdown HeLa cells (Fig. 3C ). These results suggested that VPS33A contributes to HS metabolism, and its dysfunction leads to HS accumulation and causes MPS-like phenotypes in humans.
To clarify the mechanisms of HS accumulation, we next investigated lysosomal functions in these cells. Lysosomal glycosidase activities in cell lysates, some of which contribute to GAG degradation, were not decreased in patient-derived fibroblasts ( (Fig. 3F) . Therefore, lysosomal overacidification was confirmed in patient-derived fibroblasts and VPS33A-depleted cells. 
Analysis of domain-specific function of VPS33A
To examine whether the p.R498W mutation affects endocytic and autophagic pathways, we analysed patient-derived fibroblasts and VPS33A-knockdown HeLa cells. Cell surface epidermal growth factor receptor (EGFR) is internalized after EGF stimulation and is degraded in lysosomes through conventional endocytic degradation pathway (15, 16) . EGFR degradation was normal in patient-derived fibroblasts (Fig. 4A and  Supplementary Material, Fig. S3A ), indicating normal endocytic degradation activity. We then investigated the autophagic pathway, including autophagosome-lysosome fusion and degradation. To visualize autophagosome-lysosome fusion, we utilized the exogenous expression of mRFP-GFP (tandem fluorescent)-tagged LC3 (17) , which localizes to autophagosome membranes (18) . Autophagosomes initially exhibit both GFP and mRFP fluorescence. When autophagosomes are fused with lysosomes and mature into acidic autolysosomes, these autolysosomes have reduced GFP signals but maintain their mRFP signals. We observed no differences in the autophagosomes: autolysosomes ratio between patient-derived fibroblasts and controls (Supplementary Material, Fig. S4 ), suggesting normal autophagosome-lysosome fusion in patient-derived fibroblasts. Total autophagic degradation activity was estimated by the amount of LC3-II turnover using immunoblotting. Incubating cells with the lysosomal inhibitor bafilomycin A1 causes the accumulation of undegraded LC3-II, which corresponds to autophagic flux. Autophagic flux was blocked in VPS33A-knockdown HeLa cells, as previously reported (7) (Fig. 4B) . However, autophagic flux was normal in patient-derived fibroblasts (Fig. 4B,  Supplementary Material, Fig. S3B and C) . These results indicate that patient-derived fibroblasts have normal endocytic and autophagic function.
VPS33A was reported to bind to VPS16 within the HOPS complex (Fig. 4C) (19) . VPS33A was also reported to bind to syntaxin 17 (STX17; an autophagosomal SNARE), and to mediate autophagosome-lysosome fusion (5,7). To investigate the interaction between mutant VPS33A (p.R498W), VPS16, and STX17, we expressed human HA-tagged VPS33A (wild-type and mutant) together with Myc-tagged VPS16 or FLAG-tagged STX17 in HEK 293T cells, and immunoprecipitated these proteins with anti-HA or anti-FLAG antibodies. The interaction of mutant VPS33A, VPS16, and STX17 was not altered compared with the wild-type protein ( Fig. 4E and F) . The p.R498W mutation is hence unlikely to affect these protein interactions.
Discussion
The HOPS complex is a large multisubunit tethering complex that binds organelles together and regulates late endosomelysosome and autophagosome-lysosome fusion (2-7). The complex comprises six subunits (VPS11, VPS16, VPS18, VPS33A, VPS39, and VPS41). Knockdown of their genes affects endocytic and autophagic pathways (5-7). The VPS33A protein comprises 4 domains: 1, 2, 3a, and 3b (Fig. 4D) (20, 21) . VPS33A binds only to VPS16 within the complex, and domain 3b of VPS33A is the binding interface to VPS16 (20) . The fusion of lysosomes with endosomes or autophagosomes is affected in HeLa cells with mutation in domain 3b of VPS33A, which no longer bind with VPS16 (6). These facts indicate that the binding between VPS33A and VPS16 is crucial for the function of the entire HOPS complex including the fusion of lysosomes with endosomes or autophagosomes. VPS33A is also a member of SM proteins which comprise, together with SNAREs, the core machinery essential for membrane fusion (22) . VPS33A binds to STX17 (an autophagosomal SNARE), and the HOPS complex mediates autophagosome-lysosome fusion through interaction with STX17 (5,7). Knockdown of STX17 affects the autophagic pathway, but not the endocytic pathway. Domain 3a of VPS33A is predicted to be the interacting interface to the SNARE complex (21) . The Arg498 residue is located in domain 2, which is thought not to interact with VPS16 nor the SNARE complex (Fig.  4D) (20,21) . Indeed, we showed that the p.R498W mutation did not affect these protein interactions. This might be the reason why neither endocytic nor autophagic pathways were affected in patient-derived fibroblasts, in contrast to VPS33A-depleted cells. The p.Asp251Glu mutation seen in the murine Vps33a mutant mouse, buff mouse, is located in domain 3a, and affects autophagosome-lysosome fusion without disrupting endosome-lysosome fusion (23) , which further supports our hypothesis.
Homologs of HOPS components can be identified in almost all eukaryotic genomes (24) and are thought to be essential; for example, removal of the VPS33A homolog carnation in Drosophila causes a lethal outcome during larval development (2) . A disease-causing mutation in the VPS33A gene has never been reported in humans to date. The mouse with a missense mutation (p.Asp251Glu: Vps33a bf ), buff mouse, exhibits hypopigmentation and decreased platelet activity, resembling the phenotype of Hermansky-Pudlak syndrome (HPS) in humans (25) . However, our patients showed an MPS-like phenotype, and characteristic symptoms of HPS, such as cutaneous albinism and bleeding diathesis were not observed. Hypopigmentation in the retina observed in patient 9 (Fig. 1H) was the only phenotype common with the buff mouse. Our results therefore suggest that the different domains within the VPS33A protein are responsible for its different functions.
MPS represents the largest group of lysosomal storage disorders (LSDs) and are characterized by progressive multiple organ involvement, leading to severe disability and premature death (1) . Each type of MPS results from a deficiency of a specific lysosomal enzyme that participates in the stepwise degradation of GAG. Although our patients showed typical manifestations of MPS and increased secretion of urinary GAG, lysosomal enzyme activities involved in GAG degradation were not decreased (Supplementary Materials, Table S1 and Fig.  S2A ). The results of exome sequencing of patient 12 showed no pathogenic mutation in the known genes of conventional MPS (data not shown). To confirm the association between the p. R498W mutation of VPS33A and GAG accumulation, we investigated the level of HS in patient-derived fibroblasts and VPS33A-depleted cells. Both of these cells showed HS accumulation, suggesting that this mutation was associated with GAG accumulation. Although the extremely high concentrations of plasma HS in our patients suggested that this mutation affects the intracellular uptake or trafficking of GAG, intracellular trafficking in patient-derived fibroblasts was normal (Supplementary Material, Fig. S2B ). We also demonstrated lysosomal over-acidification in patient-derived fibroblasts and VPS33A-depleted cells by lysosomal function analysis. The increased LysoTracker signal in VPS33A-depleted cells has already been reported in the literature, but its significance has not been clarified (7) . Because lysosomal enzyme activities of glycosidases were measured in cell lysates in an optimal pH buffer (Supplementary Material, Fig. S2A ), they may not reflect the in vivo degradative function of glycosidases. Some studies suggested that the over-acidified environment within lysosomes resulted in the malfunction of various lysosomal hydrolases, leading to a substrate accumulation in mucolipidosis type lV (MLIV), one of LSDs (26, 27) , and HS is indeed accumulated in MLIV fibroblasts (28) . In the MLIV, lysosomal accumulation of undegraded substrates was cleared by the treatment with Hþ/Kþ ionophore (Nigericin) or a weak base (Chloroquine) that correct over-acidification of lysosomes. They concluded that over-acidification of lysosomes causes lysosomal dysfunction and storage of undegraded substrates (26, 27) . Thus, we speculate that lysosomal over-acidification might be associated with GAG accumulation and contribute to MPS-like phenotypes in our patients. Recently, VPS11 mutations in patients with infantile onset leukoencephalopathy were reported (29) (30) (31) . The patients presented with primary and severe developmental delay associated with variable seizures, spastic tetraplegia, truncal hypotonia, cortical blindness, hearing loss, and microcephaly. These clinical phenotypes are different from those of our patients. Interestingly, however, the patients with VPS11 mutations showed distinct lysosomal storage phenomena and increased urinary levels of glycosphingolipids, suggesting that the defect of a component of the HOPS complex causes accumulation of lysosomal substrates without lysosomal enzyme defects. These reports support our data that a defect of VPS33A, a component of the HOPS complex, causes GAG accumulation.
In conclusion, we report a novel disease of impaired GAG metabolism caused by a specific mutation in the VPS33A gene in the Yakut population. Although the detailed mechanism and disease pathophysiology, as well as the domain-specific function of VPS33A remain to be elucidated, our results indicate a new function of VPS33A: the regulation of lysosomal acidification and GAG metabolism other than in endocytosis or autophagy. Clinical phenotypes of this disease are similar to conventional MPS caused by enzymatic deficiencies of GAG metabolism, and this disease should hence be considered as a differential diagnosis for MPS. and FLAG-STX17 were cotransfected in HEK293T cells. Cells were lysed, immunoprecipitated with an anti-FLAG M2 affinity gel, and analysed by immunoblotting. The results indicate that the p.R498W mutant of VPS33A can interact with both VPS16 and STX17. siVPS33A, HeLa cells treated with siRNA against VPS33A; siControl, siRNA of a negative-control sequence; IP, immunoprecipitation.
Materials and Methods
Subjects
Informed consent was obtained from all subjects or their parents. The Institutional Review Board of Osaka University approved the study. DNA samples of 110 healthy Yakut controls were obtained from Bank of the Laboratory of Genome Medicine of Clinics of North East Federal University.
Whole exome capture and sequencing
For every subject in the family, the sequence reads were converted using perl scripts from Illumina fastq format to fastq files that conform to the Sanger specification for base-quality encoding. Burroughs Wheeler Alignment (BWA) version 0.7.10 was used to align the sequencing reads, and default parameters were used for fragment reads, to the human reference sequence (hg19) (32) . Alignments were converted from SAM format to sorted and indexed BAM files with SamTools. The Picard-tools were used to remove invalid alignments and duplicate reads from the BAM files. Regions surrounding potential indels were realigned with the GATK 2.5-2 IndelRealigner (33).
Genotypes were called with the GATK 2.5-2 UnifiedGenotyper. We then analysed the union of single nucleotide variant (SNV) and indel variant calls from GATK with the ANNOVAR program to identify exonic or splicing variants with their allele frequency and functional annotation (34) . We analysed the location and genotype of variants for each individual to locate the subset of variants on the autosomal chromosome. All variant calls present on the X and Y chromosome were removed given the mode of inheritance of the disease. Variants with either quality scores below 50, a read depth of less than 5, or a QUAL score normalized by allele depth (QD) below 1.5 were filtered out. Output files from GATK were in VCF format.
All variants were annotated with the ANNOVAR program with respect to their frequency in the 1000 Genomes Project, NHLBI Exome Sequencing Project (ESP), and Exome Aggregation Consortium (ExAC). Impact on coding features were analysed using perl scripts against the following 3 databases: refGene tracks from the NCBI Reference Sequence Database, knownGene tracks from the UCSC Known Genes, and ensGene tracks from Ensemble Genes (34, 35) . We assumed a homozygous mutation owing to autosomal recessive inheritance in the family. We selected candidate variants with the following criteria; 1) either an exonic or splice site in at least 1 database; 2) either nonsynonymous, splice site, insertion/deletion, stop gain/ loss, or unknown variants in at least 1 database; 3) PASS in GATK annotation; 4) a minor allele frequency of less than 0.1% in the total population in 1000 Genomes Project or ESP6500, or in the East Asian population in ExAC.
Verification of the p.R498W mutation in the VPS33A gene was confirmed by Sanger sequencing using 5'-AGGGGTGGG GGTTGTATATC-3' and 5'-GCAACTGTACAATACCTGAAAACC-3' primers.
Cell culture and RNA interference
Dermal fibroblasts were established from three patients. Three normal human dermal fibroblast cell lines were purchased (Lonza, Invitrogen, and Gibco). Fibroblasts were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS) and antibioticantimycotic solution (referred to as regular medium) in a 5% CO 2 incubator. Silencer Select RNA interference oligonucleotides were used for siRNA experiments (Life Technologies). Silencer Select Negative Control No. 1 siRNA (4390843, Life Technologies) and human VPS33A siRNA antisense (s35197, Life Technologies) were used. The siRNA oligonucleotides were transfected into cells using Lipofectamine RNAi MAX (Life Technologies). After 2 days, cells were again transfected with the same siRNA and cultured for an additional 2 days before analysis.
Antibodies
Primary antibodies used were horseradish peroxidase (HRP)- 
Immunoprecipitation and immunoblotting
HEK 293T cells were transiently transfected using Lipofectamine 2000 reagent (Invitrogen) with the indicated plasmids. The next day, cells were collected by scraping in lysis buffer containing CHAPS (30 mM 3-morpholinopropanesulfonate, pH 8, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate, a phosphatase inhibitor cocktail (PhosSTOP Phosphatase Inhibitor Cocktail, Roche), and a protease inhibitor cocktail (Complete EDTA-free protease inhibitor, Roche). Cell lysates were clarified by centrifugation at 21,000 Â g, and precleared with IgG agarose beads (A0919, Sigma). Precleared lysates were subjected to immunoprecipitation with anti-FLAG M2 affinity gel (A2220, Sigma), or a monoclonal anti-HA-agarose antibody (A2095, Sigma). The immunoprecipitated complexes were washed 3 times in lysis buffer. Samples were subsequently separated by SDS-PAGE and transferred to PVDF membranes (GE Healthcare). Immunoblot analysis was performed and visualized with ECL Western Blotting Analysis System (RPN2109, GE Healthcare) or Lumina Forte Western HRP Substrate (WBLUF0100, Millipore).
EGFR degradation assay
Cells were cultured in regular medium to approximately 70% confluency, washed twice with warm serum-free DMEM, and incubated in serum-free DMEM from -2 h. Bafilomycin A1 (BafA1, B-1080, LC Laboratories) was added to the medium (125 nM) at -1 h, and EGF (53003018, Thermo Fisher Scientific) was added to the medium (100 ng/ml) at time 0. Cells were washed once with PBS, collected, and lysed at the indicated time points. Samples were subsequently lysed and analysed by immunoblotting.
Assays for autophagy
Cells were transfected with mRFP-GFP-LC3 for 48 h and then incubated with regular medium (nutrient-rich condition) or Earle's Balanced Salt Solution (EBSS) (starved condition) for 2 h. Then, cells were fixed and their GFP and mRFP fluorescence was analysed by microscopy (17) . For autophagic flux analysis, cells were plated and cultured in regular medium one day before the assay. At the time of the assay, the cells were approximately 70% confluent. Cells were washed twice with warm PBS and incubated in regular medium or EBSS with or without 125 nM BafA1. After 2 h, cells were washed with PBS, collected, and lysed. Samples were subsequently subjected to immunoblotting to detect LC3 and GAPDH. The amount of membrane-bound LC3-II was quantitated as an indicator of autophagic vacuoles, and the differences in LC3-II intensities between the presence and absence of BafA1 represent autophagic degradation activities (flux) during the assay period (2 h).
Expression vectors
FLAG-Stx17 was a gift from Noboru Mizushima (Addgene plasmid #45911). The wild-type VPS33A expression vector was provided by RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan. We constructed the HA-tagged VPS33A (wild-type (WT) and mutant) expression vectors and the Myctagged VPS16 expression vector. All constructs were verified by DNA sequencing.
Heparan sulphate measurement
Amounts of HS in patients' plasma and fibroblast lysate, or siRNA-treated HeLa cell lysate were measured according to the manufacturer's protocol (HS-ELISA Kit, Seikagaku Biobusiness). Amounts of HS were calculated as lg HS/mg protein or lg HS/ml.
Lysosomal enzyme activity assay
Activities of lysosomal enzymes were measured with artificial 4-methylumbelliferyl (4-MU) substrates (M3657, M8527, M9766, M3633, and M1633, Sigma; 474422 and 474525, Calbiochem; 44009, Glycosynth; 2340-34, Nacalai) (36) . Cells were collected in water, sonicated, and their protein concentrations were determined by the Lowry method (37). The samples were incubated with specific 4-MU substrates in acidic phosphate or citrate buffer at 37 C for 1 h, and the fluorescence upon excitation at 365 nm/emission at 450 nm was measured using a microplate reader (SH9000Lab, Corona). A 4-MU standard (M1381, Sigma) was also measured in the same buffer to calculate enzyme activities as nmol/h/mg of protein.
Immunocytochemistry and filipin staining
Cells grown on coverslips were washed with PBS and fixed in 4% paraformaldehyde in PBS for 10 min at room temperature. The fixed cells were permeabilized with 50 lg/ml digitonin in PBS for 10 min, blocked with 3% bovine serum albumin in PBS for 1 h, and incubated with primary antibodies for 1 h. After washing with PBS, cells were incubated with fluorescence-conjugated secondary antibodies for another 1 h. For filipin staining, fixed cells were permeabilized with 0.1% Triton-X in PBS for 15 min, and incubated in the dark with 300 mg/ml filipin complex (F9765, Sigma) in PBS for 8 h. Control fibroblasts were also treated with 5 lM U18666A (U3633, Sigma) for 24 h to accumulate free cholesterol, and was used as a positive control. Images were acquired on a confocal laser-scanning microscope or a wide field fluorescence microscope (Olympus).
Measurement of lysosomal acidity
Cells were plated onto clear-bottom 96-well plates (Greiner) and stained with 100 nM LysoTracker Red DND-99 (L-7518, Molecular Probes) for 1 h. The cells were then fixed and stained for LAMP2 as described above, together with Hoechst 33258 (H341, Dojindo) and HCS CellMask Stains (H32721, Molecular Probes). Samples were analysed by automated epifluorescence microscopy (IN Cell Analyzer 2000, GE Healthcare). In brief, areas of cells were identified by HCS CellMask Stains, and the mean intensity of LysoTracker in LAMP2-positive areas were quantified. Quantification of lysosomal pH was performed using the ratiometric lysosomal pH dye LysoSensor Yellow/Blue DND-160 (L7545, Molecular Probes). Cells were plated in 96-well plates and labelled with 5 lM LysoSensor Yellow/Blue DND-160 for 5 min at room temperature, and excessive dye was washed out using PBS. The fluorescence of labelled cells was measured in MES buffer (5 mM NaCl, 115 mM KCl, 1.3 mM MgSO4, 25 mM MES, pH 7.0). The standard curve was generated by incubating cells in 10 lM monensin (22373-78-0, LKT Laboratories) and 10 lM Nigericin (28463-80-3, LKT Laboratories) in MES buffer (pH 4.0-6.0). Samples were then read using a microplate reader (SH9000Lab, Corona) at excitation 365 nm/emission 450 nm and excitation 385 nm/emission 550 nm. The pH values were determined from the standard curve generated using the pH calibration samples (38, 39) .
Statistical analysis
Numerical data are presented as the Mean and SEM or SD. The distribution of values was tested by the F-test. For testing significant differences between samples, the unpaired Student's ttest was used.
Web Resources
The URLs for data presented herein are as follows: VCF, https:// samtools.github.io/hts-specs/VCFv4. 
Supplementary Material
Supplementary Material is available at HMG online.
